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INTRODUCTION 
Elastic properlies of high-performance ceramies is usually measured with 
ultrasonic bulk waves [1]. However, the bulk waves gives us only properties 
averaged over sample thickness. Sintered ceramies often have properlies at the 
surface different from in the middle. Thus we need a method which distinguishes 
near surface properly from the averaged one. Surface wave technique has been 
applied for nondestructive characterization of ceramies [2-4]. The depth-dependent 
properlies of ceramies, however, has never been reporled. Surface wave propagates 
in subsurface layer of about one wavelength. Therefore we'll be able to estimate the 
depth-dependent properlies of the ceramics, if we'll . use surface waves of different 
frequency or wavelength. 
In the present paper, we aim to estimate the subsurface structure of sintered Si~4 
ceramies having various porosity, based on velocity measurement of the leaky surface 
wave of frequency 36, 195 and 440MHz. 
PRINCIPLE OF LEAKY SURFACE WAVE VELOCITY MEASUREMENT 
The leaky surface wave velocity in high frequency range, say at 195 and 
440MHz, is measured by a conventional scanning acoustic microscope with the V(Z) 
curve, while the velocity in low frequency range, at 36MHz, is calculated with the 
time-of-flight measured by a focused PVDF transducer. 
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Figure 1. V(Z) curve of Si3N4 at 195MHz. Figure 2. ßeam path. #A: specular 
reflection, #B: leaky surface wave. 
V(Z) Curve Approach with Scanning Acoustic Microscope 
So called V(Z) curve shown in Fig,l is a plot of the received signal Ievel as a 
function of the defocus distance, Z, between the sample surface and the Jens. Namely, 
the burst waves of the specular reflection, which propagates along the path #A in 
Fig.2, and the mode converted surface wave along the path #B, are superposed at 
every Z, then we obtain a peak signal of the interference as a function of Z. With 
the periodicity AZ which is the oscillation interval of the V(Z) curve, we can calculate 
the leaky surface wave velocity [5] by 
(1) 
where, V w and f are the sound velocity in water and operating frequency. 
Time Domain Analysis with a Focused PVDF Transducer 
When we excite a PVDF focused transducer by a square wave or spike, we 
obtain the signals of the specular reflection and the leaky surface wave on time 
domain as shown in Fig.3. The time delay between the specular reflection and surface 
wave [ 6] is given by 
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Figure 3. Time domain signal received by PVDF focused transducer. 
(2) 
Table 1. Porosity, density and bulk wave vdocity at 5MHz of Si3N4 sarnple 
Porosity(%) 0.6 0.9 1.8 2.8 4.1 6.6 
Density(kglm3) 3256 3255 • 3226 3193 3150 3071 
VL(m/s) 10945 10934 10920 10809 10700 10419 
V~m/s) 6043 6040 6028 5984 5943 5839 
where 8 is the critical angle for the leaky surface wave. 
The leaky surface wave velocity is calculated (6,7) with Snell's law and Equation (2). 
Vw 
V I.SW --;::======:::;:::= 
J[mV w-(mV w)2/4] {3) 
EXPERIMENTAL PROCEDURE 
The chemical composition of the silicon nitride sample are Si3N4:92%, Yp3:6% 
and Alp3:3%. The porosity of the sarnple was controlled from 0.6% to 6.5% by 
selecting the sirrtering temperature. The sarnple of porosity 0.6% was made by HIP, 
but others were sintered under inert gas atrnosphere. The sample size is 
60x60x10mrn. The surfaces were ground up to maximum roughness of 11Jlll. 
Table 1 shows the density measured by Archimedes' method as well as the 
longitudinal and transverse velocities measured at 5MHz. 
Velocity Measurement of Leaky Surface Wave with SAM (8) 
To measure precisely the leaky surface wave velocity, we have made some 
modification on a commercially available SAM, Olympus UH-3. Namely the defocus 
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Figure 4. Block diagram of modified scanning acoustic microscope. 
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distance, Z, was monitared by a displacement sensor of which resolution is 0.2flm and 
it was averaged 8 times. The received signal by the acoustic lens, V, was also 
averaged 8 times. The sample was immersed in a water bath and the temperature 
variation of water was controlled within 0.02K. The block diagram of the modified 
SAM is shown in Fig. 4. Thus, we can obtain V(Z) curves of less variation. 
In addition, a new digital signal processing has been applied for the V(Z) curves 
to finding out precise values of fl.Z. Namely, the extremely high and extremely low 
frequency components in V(Z) curves were eliminated with FIT and IFIT. In 
particular, extremely low frequency component shown by the dashed line in Fig.l, so 
called "background", was estimated by nonlinear curve fitting. Thereafter, integral 
numbers of half-sine or -cosine waveforms were extracted from V(Z) curves. With 
them, precise values of fl.Z are calculated by FIT with 8192 points. 
Velocity Measurement of Leaky Surface Wave with Focused PVDF Transducer (9] 
The leaky surface wave velocity in low frequency range was measured with the 
digital measurement system shown in Fig.5. The nominal frequency, focal length, 
angle of aperture and element length of the PVDF line-focused transducer are 36MHz, 
5mm, 90deg. and 8mm, respectively. The pulser/receiver and A/D converter board 
used are Panametrics 5900PR and SONIX STR-8100. Great care was taken to keep 
the transducer perpendicular to the sample surface, namely the transducer was mounted 
on a swivel table which has angular resolution of 0.002 deg. With monitaring the 
change in the received energy of higher order specular reflection as a function of 
tilting of the sensor, we have succeeded in keeping the uprightness of the transducer 
to the sample surface within 0.02 deg. The wave form of the specular reflection and 
surface wave were digitized at sampling rate of 800MS/s and 256 waveforms were 
added into the computer memory. The time delay in Equation (2) was then 
calculated by the cross-correlation method. 
EXPERIMENTAL RESULTS AND DISCUSSION 
l..eaky Surface Wave Velocity Measured by SAM and PVDF Focused Transducer 
Thermal 
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PVDF 
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Figure 5. Digital measurement system of leaky surface wave with PVDF transducer. 
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Table 2. Variation of leaky surface wave velocity measured at 195MHz 
No. 1 2 3 4 5 Mean Max-Min 
VLSw(rnls) 5964.3 5965.9 5966.1 5966.7 5965.1 5965.6 2.3 
The variation of the leaky surface wave velocity measured at 195MHz is shown 
in Table 2 for 5 measurement at the same point. The relative variation is less than 
0.02%. However, the velocity changes within 20m/s at different points, as shown in 
Fig.6. Inhomogeneity of the surface may cause this velocity variation due to micro 
pores. 
The averaged velocity over 8 measurements is plotted in Fig. 7 as a function of 
porosity. Apparently VLSw at 440MHz is higher than that at 195MHz. The 
difference is much greater at higher porosity. The V LSw measured by the PVDF 
focused transducer at 36MHz is much lower than those at 195 and 440MHz. The 
velocity at 36MHz is by 300m/s lower than that at 440MHz. 
The black dots in Fig.7 denote the Rayleigh wave velocity, VR, calculated by 
a 6 -8a4 +(24-16ß2)a2 -16(1-ß2)=0 
a=VR /Vp ß=VT /VL (4) 
with the bulk velocities measured at 5MHz shown in Table 1. The measured velocity 
is very close to the calculated for every porosity. If we make the correction due to 
water loading [10], the measured and calculated velocities of the leaky surface wave 
agree within 0.1%. This means that the VLSw at 36MHz is correlated to the bulk 
properties. In other words, the surface properties change within the surface layer of 
which thickness is less than O.lmm. 
8 :-POROSI TY 0 6•, 
6 
~ 6 L. § 4 ~ 
0:: 2 . 
u. ' 0 t r r r r 
8 - POROSITY l 8'11. 
6: 
• POROSI TY 2 8'1 
1-
.. r r r l [ POROSI TY 4 1'\ 
•
1l. ,~,,, 
0 
f 1POR~SI TY 6 5!. 
r r' 1 r ~ r-r-r1 T t r0 ,-
5400 5600 5800 6000 5400 5600 5800 6000 
SURFACE WAVE VELOCITY m/s 
Figure 6. Variation of leaky surface wave velocity at different points (195MHz). 
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Figure 10. Voids distribution. (a) near surface, (b) middle of thickness 
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Dispersion of Leaky Surface Wave 
In Fig.8, the dispersion relation of the leaky surface wave is shown as a function 
of wavelength. At every porosity, the velocity decreases with a increase in the 
wavelength. As mentioned before, V LSw measured at 36MHz corresponds to the bulk 
velocities measured at 5MHz, therefore near surface structure may be different from 
that in the middle. 
Microhardness is plotted in Fig.9 as a function of the distance from the surface. 
Apparently, the hardness is higher near the surface. The void distribution is shown 
in Fig.10 at near surface and in the middle for sample of porosity 6.5%. Many 
voids are observed in the middle, however, a few voids are in subsurface. Thus, 
inhomogeneaus void distribution may result in the surface wave dispersion. 
CONCLUSION 
The velocity of leaky surface wave of the sintered silicon nitride has been 
measured with a scanning acoustic microscope at 195 and 440MHz as well as time 
domain analysis with a PVDF focused transducer at 36MHz. The velocity measured 
at 440MHz is much higher than that at 36MHz. The laUer is very close to the 
calculated Rayleigh wave velocity with bulk velocities measured at 5MHz. The 
velocity difference may be explained by the low porosity at near surface. 
The surface wave velocity measurement at different frequency is very effective 
means to evaluate nondestructively depth-dependent intemal structure. 
ACKNOWLEDGEMENT 
The authors wish to thank Dr.N.Kamiya for useful advise. This work is in part 
supported by Grant-in-Aid for Scientific Research (A) 08555024 from the Ministry 
of Education, Science, Sports and Culture. 
REFERENCES 
l.A.Nagarajan, J.Appl.Phys., 42(1971), 3693. 
2.M.Basyam and J.L.Rose, in Review of Progress in QNDE, vol.ll, eds. D.O. 
Thompson and D.E.Chimenti (Plenum Press, New York, 1992), p.1483. 
3.T.Nonaka et al., Trans. JSME, Ser.A, 52(1992),1481. 
4.D.Schneide, A.Krell, T.Weiss, Th.Reich, Acta Metall.,40(1992), 971. 
5.W.Parmon and H.L.Bertoni, Electron Lett. 15(1979), 684. 
6.K.Yamanaka, J.Appl Phys. 54(1983), 4323. 
7.J.C.Jhonson and R.B.Thompson, in Review of Progress in QNDE, vol.12, op.cit. 
(1993), p.2121. 
8.M.Okade, K.Mizuno and K.Kawashima, in Review of Progress in QNDE, vol.14, 
op.cit.,(1995), p.1883. 
9.K.Kawashima, I.Fujii, T.Satoh, M.Okade, in Review of Progress in QNDE, vol.15, 
op.cit., (1996), p.2039. 
10.L.A.Viktrov, Rayleigh and Lamb waves, (Plenum Press, New York, 1967). 
1515 
